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Abstract
The start up of a liquid-metal heat pipe from the frozen state was evaluated
experimentally with a Nb-1%Zr heat pipe with potassium as the working fluid. The heat
pipe was fabricated and tested at Los Alamos National Laboratory. RF induction heating
was used to heat 13 cm of the 1-m-long heat pipe. The heat pipe and test conditions are
well characterized so that the test data may be used for comparison with numerical
analyses. An attempt was made during steady state tests to calibrate the heat input so that
the heat input would be known during the transient cases. The heat pipe was heated to
675°C with a throughput of 600 W and an input heat flux of 6 W/cm 2. Steady state tests,
start up from the frozen state, and transient variations from steady state were conducted.
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Introduction
Since the working fluid in a liquid-metal heat pipe is frozen at room temperature, the
start up is an important consideration in any application of liquid-metal heat pipes.
However, experimental data for the transient start up of liquid-metal heat pipes is limited.
Merrigan, et. al, [1-2] studied the start-up and shut-down performance of a molybdenum-
lithium heat pipe at temperatures to 1500K. It was indicated that liquid depletion in the
evaporator region could occur during shut-down and prevent the restart of the heat pipe.
The radial power density in the condenser and the relative radial power density in the
evaporator and condenser are important considerations in the restart of a heat pipe. Wojcik
and Clark [3] designed, analyzed, and tested several niobium-lithium heat pipes and tested
a niobium alloy (C-103) "D-shaped" heat pipe in an oxidizing atmosphere. The heat pipe
was coated with a silicide coating and was heated with a gas welding torch. Camarda [4]
tested a wing-leading-edge segment cooled with Hastelloy X-sodium heat pipes. The heat
pipes operated properly and no start up or other limiting conditions developed during
testing. Large temperature gradients were observed during the start up, which could result
in large thermal stresses. Several "D-shaped" Mo-Re heat pipes with lithium working fluid
have been fabricated and tested by Glass, et al. [5]. They present limited steady state and
start-up data for a 30-in-long heat pipe.
The present paper presents experimental data obtained at Los Alamos National
Laboratory (LANL) for the start up of a Nb-l%Zr heat pipe with potassium (K) as the
working fluid. The heat pipe was fabricated by LANL for heat flux limit tests and had been
tested several times prior to the current tests. Radial heat fluxes of 147 W/cm 2 were
obtained during the prior tests with this heat pipe at a vapor temperature of 925K [6]. The
heat flux value was approximately five times greater than the previously accepted
experimentally obtained design limit for potassium heat pipes. The heat pipe had an
annular geometry and was initially charged with lithium. Pre-testing with lithium was
performed to improve the wetting characteristics of the heat-pipe inner wall, and thus
reduce to a minimum the largest active nucleation site radius. An analytical model for
predicting boiling limits was also determined from previous testing on the heat pipe at
LANL [7]. A nucleation site radius of 3 _tm appeared to correlate very well with the
experimental data.
In the current study, several different types of start-up transients were evaluated.
These included start up from the frozen state as well as perturbations of the heat flux while
at steady state conditions. Steady state tests were also conducted to assist in the estimation
of the applied heat flux during transient conditions.
Heat-Pipe Description
The heat pipe used for this experiment was fabricated from a 1-m-long segment of
Nb-1%Zr tubing drawn down to a 0.775-cm-outside radius and a 0.127-cm wall thickness.
The wick was fabricated from a single piece of 100-mesh plain, square-weave Nb-l%Zr
screen. Three layers of the screen were wrapped around a 0.559-cm radius mandrel as
shown in Figure 1. The mandrel and screen were then inserted in a tube with a 0.7938-cm-
outside radius and a 0.089-cm wall thickness. The outer tube was then drawn down to a
0.6895-cm-outer radius, thus compressing the screen wick. In the compressed state, the
wick was 0.038-cm thick with an experimentally determined pore diameter of 1.3 x 10 .5 m.
The screen was further treated by vacuum f'u'ing to remove volatile contaminants.
Figure1:
Outertube
Schematicdiagramof mandrel,screenwick, andoutertubeused to compress
thescreenwick.
Thecompressedscreen,with an inner radiusof 0.559 cm and anouter radiusof
0.597cm,wastheninsertedinto theheat-pipecontainer,with an innerradiusof 0.648 cm,
asshownin Figure2. Thisresultedin forming a 0.051-cmannulusbetweenthecontainer
andthetubularwick. The0.051-cmannulusservedas a path for fluid return from the
condenserto the evaporatorduring operation. A Nb-l%Zr plug was used to close the
screenwick at the evaporatorend. This plug closurewas necessaryto ensurethat the
longitudinalpumping capabilitywas establishedby the effectivepore sizeof the screen
wick ratherthanby the annulargapthickness. Theplug addeda significantthermalmass
totheheatpipeandthuseffectedthestart-upcharacteristicsof theheatpipe. Thelengthof
theplug was 1.27cm. Thediameterof the plug wasequalto the insidediameterof the
screenwick, andwasthus0.559cm. Thus,thevolumeof theplugwas
Vplug= rcr2Lplug= n (0.559cm )2x 1.27cm = 1.25cm3
In additionto theplugin thescreen,thereis anendcapin theheatpipe. Thelengthof the
endcapis estimatedtobe0.64cm. Thevolumeof theendcapwasthus
Vendcap= _ r2 Lendcap= _ (0.648cm)2(0.64cm) = 0.84cm3
Thetotaladditionalvolumeof Nb-1%Zrattheevaporatorendof theheatpipewasthus
V = Vplug+ Vendcap= 1.25cm3+ 0.84cm3= 2.09cm3
Thewirediameterof thescreenwasmeasuredto be0.0076cm. Theporosityof the
uncompressedwick canbecalculatedby dividingthevoid volumeby thetotalvolumein a
unit cell of 1-cm2areaandonelayerof screenthick. With a measuredscreenthicknessof
0.0203 cm, a wire diameterof 0.0076 cm, and 39.37 wires/cm(100 meshscreen)the
screenvolumewas
[1 cm x 39.37wiresx 2] x (0.0076cm)2x r_/ 4 = 0.0036 cm 3
The total volume in a unit cell was
1 cm x 1 cm x 0.0203 cm = 0.0203 cm 3
The porosity of the uncompressed screen was thus
0.0036cm 3
e = 1 - 0"0203cm 3 - 0.823
q |
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Figure 2: Schematic diagram of actual heat pipe showing annular gap and screen wick.
Test Setup
A vacuum chamber was used for the heat-pipe testing. A 10-cm long rf induction
coil was used for heating the evaporator. The heat pipe was instrumented with sixteen
thermocouples spot welded to the surface of the heat pipe for temperature monitoring. The
condenser portion of the heat pipe was covered by a single pass water calorimeter. The
heat-pipe throughput was determined by measuring the change in water temperature and
flow through the calorimeter. A schematic of the test setup, showing the vacuum chamber,
heat pipe, calorimeter, and induction heating coils is shown in Figure 3.
RF COIL
(10 cm hz) , THERMOCOUPLE V-- CALORIMETER
METER
Figure 3" Schematic drawing of the vacuum chamber, heat pipe, and calorimeter used for
the heat-pipe tests.
The heat pipe was 1-m long and was heated over a 10-cm length 3 cm from the end of
the heat pipe, as shown in Figure 4. The induction coils were fabricated out of 0.635-cm-
diameter copper tubing and had an inner diameter of 2.8 cm. Fourteen coils were used
over the 10-cm-evaporator length. A 100 kW generator with a 300 kHz rating was used
for the power supply.
'1-"3 cm "-[-" 10cm "-[-'" 87 cm IP_'- I
Figure 4: Schematic drawing of the heat pipe and the induction heating coils.
Sixteen thermocouples were placed on the heat pipe and were equally spaced in the
87-cm long condenser region. The first thermocouple was located at the edge of the
induction coils, x = 13 cm. The thermocouple spacing was 5.8 cm, with the final
thermocouple (TC #16) located at the end of the 1-m-long heat pipe.
Discussion and Results
Before the heat pipe was performance tested, it was "wet-in" in a horizontal position.
The "wet-in" procedure consisted of heating the entire heat pipe at 550-600°C for 50 hours
and helped ensure the working fluid was uniformly distributed within the heat pipe.
A slow start-up test was conducted to verify heat-pipe operation. Heat was applied to
the heat pipe at a slow rate until the heat pipe was isothermal at 600°C. The heat pipe was
operated with calorimetry to determine the heat-pipe throughput. There was no indication
of gas contamination or abnormal operation of the heat pipe after stabilization at 600°C.
This testwas followed with a steady-statetestdesignedto determineheatinput flux at
correspondingpowersettings.This wasaccomplishedby increasingtheinput power to a
known powersettingandallowing the heatpipe to reachsteadystateand recordingthe
power throughput. Theprocesswasrepeatedand the final testwas conductedwith the
heat-pipetemperatureof 675°Candathroughputof 600 W. The temperaturedistributions
for eachof thetestsareshownin Figure 5 for powersettings(PS) from 2.56 to 0. At a
power settingof 0, heatwas appliedto theheatpipe. However, as canbe seenin the
figure, theheatpipewasnot isothermalandwasthusnotoperatingasaheatpipe.
PS = 2.56
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Figure 5:
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Steady state temperature distributions corresponding to tests listed in Table 1.
The throughput and steady state temperatures for each of the tests shown in Figure 5
are listed in Table 1. Since at a PS = 0 the heat pipe was not isothermal, no temperature is
given in the table. For all except two of the tests, the water flow rate was approximately 50
g/sec. At a power setting of PS = 2.2, tests were run with flow rates of 50.6 g/sec and 96
g/sec, with both resulting in the same steady state temperatures, but slightly _fe_re_nt
throughputs. Thus, only one plot for the steady state temperature at PS = 2.2 is shown in
Figure 5. The throughput of the heat pipe was calculated from
q=m v 10.41
I
where the throughput q is in Watts, m is the coolant mass flow rate in grams/sec, and v is
the voltage from the calorimeter in mV.
During steady state tests, the heat input to the heat pipe can be determined from an
energy balance using the throughput. However, during transients, not all the heat into the
heat pipe leaves the heat pipe. Thus an attempt was made to calibrate the power settings so
that the heat flux could be estimated during the transients based on the power settings. The
steadystatethroughputwascurvefit with afourthorderpolynomialto estimatetheinput to
theheatpipeatvariouspowersettings.Thecurvefit is givenby
q = -5058.2+ 1.0758x104PS- 8560.2PS2 + 3046.3PS3 - 393.28PS4 (1)
Theheatinputrateto theheatpipewasthendeterminedby dividing thetotal throughputby
theheat-pipesurfaceareaundertheevaporatorcoils. With anevaporatorlengthLe= 10cm
andanouterradiusof r = 0.775cm,theheatflux wasdeterminedfrom
q" - q (2)
2_rLe
Table1: ThroughputandSteadyStateTemperaturesof HeatPipeasShownin Figure5
PowerSetting Volts,mV m, g/see Throughput,W Temp,°C
0.0 0.176 50.5 92.52 -
1.5 0.213 50.0 110.87 365
1.55 0.233 50.0 121.28 380
1.65 0.294 50 153.03 420
1.75 0.368 50 191.54 455
1.85 0.452 50 235.27 490
1.95 0.516 50 268.58 520
2.05 0.611 50 318.03 550
2.1 0.652 50 339.37 565
2.2 0.758 50.6 399.27 590
2.2 0.41 96 409.74 590
2.3 0.47 96 469.70 615
2.46 1.027 50.6 540.97 655
2.56 1.142 50.6 601.54 675
Asmentionedpreviously,theheatpipewasheatedwith inductionheating. Though
inductionheatingis an excellentmethodto apply heatto heatpipes, it doesenter some
uncertaintyinto theheatflux estimatesduring transientconditions. During the transient
tests, the power setting (potentiometer)was changedin steps. The control system,
however,controlsthehigh voltageavailableto the oscillator tube ratherthan the output
power. [8] With a constantvalueof high voltage,thereis a complexinteractionbetween
theloadresistance(proportionalto piperesistivity), thetunedtank oscillatingcurrent,and
the pipe power deposition. When rf power is appliedwith the heatpipe at ambient
temperature,the power input to the heatpipe is the appropriatevaluefor the Nb-1%Zr
ambient-temperaturesistivity. As thetemperatureandresistivityof theheatpiperise, the
input powercorrespondinglyrises. Thus, whenpower is suppliedto thesystemwith the
potentiometerpower settingat 1.6, the heatflux doesnot instantaneouslyjump to 2.89
W/cm2,butratherrisesto that valueasa functionof theresistivity (andthustemperature)
of the heatpipe. An estimateof how the heat flux rises as a function of heat-pipe
temperaturecanbeobtained[8]. Theresistivityof niobiumis afunctionof temperatureand
is givenby
p = 13.3+ 0.0412T (3)
where p is the resistivity in g.Q-cm and T is the niobium temperature in °C. The equation
used to calculate the heat-pipe transient power input, q", is
q" = q"f - [(Of- P)Aq"/Ao]
where q"f is the final power input with the heat pipe at the final temperature.
value Aq"/Ap can be obtained from the polynomial curve fit
Aq"/Ap = -0.00754 - 0.0367 PS + 0.03963 PS 2
where PS is the power setting on the potentiometer. The maximum
polynomial curve fit is 10%.
(4)
The gradient
(5)
error _r the
Following the steady-state tests, a series of transient tests were conducted. The data
acquired from the steady state tests were used to estimate the heat flux corresponding to the
power settings used during the transients test. Table 2 lists the power settings and
corresponding throughput and heat flux over the range of the tests. The throughput values
are estimated from Eq. (2) and do not attempt the transient correction in Eq. (4).
Table 2: Stead), State Throughput and Heat Input to Heat Pil_e Calculated From Equation
Power Setting Throughput, (W) Input (W/cm 2)
0.0 92.52 1.90
1.5 108.63 2.23
1.6 140.73 2.89
1.7 173.18 3.56
1.8 208.68 4.29
1.9 248.99 5.11
2.0 294.92 6.06
2.1 346.35 7.11
The transient tests were conducted by varying the amount and the rate of heat input
during start up as well as perturbing the heat flux slightly at steady state. The steady state
heat input estimated from Eq. (2) is given in Table 3 for each test as a function of time. An
effort was made to keep the test times as short as reasonable (minutes instead of hours) to
facility the use of the data to validate numerical models. Tests 1-4 all consisted of start up
from the frozen state. In each case, the heat pipe was initially at room temperature, and at
time equal 0, the heat flux was increased to the value given in the Table 3. Test 1 steps up
to the maximum heat flux over several increments, while Test 2 consisted of maintaining
the same heat flux throughout the entire test. Test 3 consisted of a large number of
incremental increases in the heat flux occurring more rapidly than in Test 1. Test 4
consisted of a step up and then a step down in the applied heat flux. The final test was a
transient test where the heat pipe was initially at a temperature of 565°C with an applied heat
flux of 7.11 W/cm 2. The heat flux was then decreased and increased several times before
finally being turned off.
The In'st transient test was a start up from the frozen state, periodically increasing the
applied heat flux from 2.89 W/cm 2 to 6.06 W/cm 2. The times and heat fluxes are given in
Table 3. After 1500 sec., the power was turned off and the heat pipe was allowed to cool
to room temperature. If the power setting were turned back to 0 instead of cutting the
power off, the heat flux would have been 1.9 W/cm 2 after 1500 sec. The start-up
temperatures for Test 1 are shown in Figure 6 for the even numbered thermocouples (TC
#2 through TC #16). The heat pipe reaches isothermal conditions through TC #10 (x =
0.652 m) prior to being shut down at 1500 sec. As was seen in Figure 5, even at steady
state conditions, the heat pipe was isothermal only through TC #12 (x = 0.768 m).
Table3:EstimatedAppliedHeatFluxasaFunctionof Timefor EachTest
Time, sec. PowerSetting Input(W/cm2)
Test#I
0 1.6 2.89
180 1.7 3.56
360 1.8 4.29
600 1.9 5.11
932 2.0 6.06
1500 off 0.0
Test#2
0 1.6 2.89
1020 off 0.0
Test#3
0 0.0 1.90
60 1.5 2.23
120 1.55 2.56
240 1.65 3.22
360 1.75 3.91
480 1.85 4.69
600 1.95 5.57
780 2.0 6.06
Test#4
0 1.7 3.56
760 2.0 6.06
1358 1.7 3.56
1510 off 0.0
Transient Test
<0 2.1 7.11
0 1.8 4.29
898 1.9 5.11
1539 1.7 3.56
2342 1.9 5.11
4267 1.8 4.29
4387 1.7 3.56
4507 1.6 2.89
4627 1.5 2.23
4747 off 0.0
Unlike Test 1, Test 2 maintained a constant heat flux of 2.89 W/cm 2 during the test.
The transient temperatures are shown in Figure 7 for the even numbered thermocouples
(TC #2 through TC #16). The heat pipe is nearly isothermal through TC #10, but some
temperature variation can be seen in TC #2 through TC #10. Thermocouples #12 through
16 do not reach the isothermal operating temperature at any time during the tests.
Test 3 had the largest number of discrete increases in heat flux, as shown in Table 3.
The temperature as a function of time for each of the 16 thermocouples is shown in Figure
8. At 1200 sec., the heat flux was increased from 6.06 W/cm 2 to 6.57 W/cm 2. Shortly
after the increase, a hot spot appeared in the evaporator region. In an attempt to reduce the
unknowns with the data, data is only presented in the figure prior to formation of the hot
spot. Prior to the hot spot, TC #1 through TC #11 were all isothermal.
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Figure 6: Temperature distributions for heat pipe start up from the frozen state (Test 1).
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Figure 7: Temperature distributions for heat pipe start up from the frozen state (Test 2).
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Figure 10: Temperature distributions for the heat pipe during transient testing.
In Test 4, the heat flux started out at 3.56 W/cm 2, was increased to 6.06 W/cm 2, and
then was decreased back to 3.56 W/cm 2 before being turned off. Thermocouple #1 is not
included with the transient data, shown in Figure 9, since it was not operating properly.
Prior to increasing the heat flux to 6.06 W/cm _, the heat pi_e was isothermal through TC
#11. Even after the heat flux was increased to 6.06 W/cm, TC #12 does not reach the
isothermal temperature of the rest of the heat pipe.
One test is presented where the heat pipe was operating at steady state initially and the
heat flux was then increased and decreased several times, as shown in Figure 10. The heat
pipe was initially operating at a steady state temperature of 565°C (from Table 1) with a
power setting of 2.1 (q" = 7.11 W/cm2). Thermocouple #12 was nearly the same
temperature as the isothermal portion of the heat pipe for t < 0 sec. Once the heat flux was
dropped at t = 0 sec., the temperature at TC #12 rapidly dropped below that of the
isothermal portion of the heat pipe. Since the heat flux was not increased back to the 7.11
W/cm 2 value, TC #12 never reached the heat-pipe operating temperature during this test.
Thermocouple #1 through TC #11 remained isothermal throughout the test.
Concluding Remarks
_ _ _ -
A Nb-l%Zr heat pipe with potassium as the working fluid was tested under steady
state, transient, and start-up conditions. The heat pipe was heated with induction heating
up to a temperature of 675°C and a throughput of 600 W. The heat pipe and the test are
well characterized so that the data may be used for comparison with analysis. The largest
unknown in the test was the applied heat flux during the transient conditions.
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